Interleukin (IL)-33 is a cytokine that has key roles in the induction and perpetuation of allergic inflammation. It is strongly expressed by airway epithelial cells, but there is controversy about whether immunoreactivity is localised only to the nucleus or is also present in the cytoplasm. We investigated IL-33 immunoreactivity in airway tissues in a mouse model of an acute exacerbation of chronic asthma, in human asthmatic airway tissue, and in airway tissue from patients with allergic bronchopulmonary aspergillosis. We demonstrated that cytoplasmic immunoreactivity in airway epithelial cells was dependent both upon the target species and the severity of the allergic inflammatory response. Furthermore, using double immunolabelling, we showed that immunoglobulin-synthesising plasma cells express high levels of IL-33, which could contribute to allergic inflammation.
Introduction
Interleukin (IL)-33 is a member of the IL-1 family that plays important roles in the induction and perpetuation of the Th2-biased immunological response associated with allergic disease, including allergic asthma [1, 2] . Expression of mRNA for IL-33 is increased in airway and lung tissues in mouse models of allergic inflammation of the airways [3, 4] . However, there is controversy about the cellular and subcellular localisation of IL-33 protein, as assessed by immunohistochemistry.
IL-33 was initially described as a chromatin-associated nuclear factor, and expression of the protein as assessed by immunohistochemistry was suggested to be primarily limited to endothelial and epithelial cells [1] . In human studies of non-inflamed tissues, immunoreactivity has mainly been localised to the nuclei of cells [1, 2] . However, in at least two studies of human asthmatics, cytoplasmic staining of airway epithelial cells (AEC) has been demonstrated [5, 6] . This may be biologically relevant, because failure to maintain nuclear localisation of IL-33 may contribute to nonresolving chronic inflammation [7] which is a key feature of disease states such as asthma. In this context, it is noteworthy that several studies have also revealed immunoreactivity of inflammatory cells, and cytoplasmic immunostaining for macrophages has been demonstrated in mouse models of allergic airway disease [3, 8, 9] . Similarly, cytoplasmic staining of epithelial cells, as well as of inflammatory cells with the morphology of macrophages and plasma cells, has been demonstrated in human inflammatory bowel disease [10] .
Nevertheless, some investigators have asserted that immunoreactivity for IL-33 is exclusively localised to the nuclei of epithelial cells, and have dismissed cytoplasmic staining in the setting of experimental colitis as non-specific, on the basis that it was still observed in IL-33 gene-targeted mice [11] . Therefore, we investigated the expression of IL-33 in the airways in a well-validated experimental model of an acute exacerbation of mild chronic asthma, as well as in control and asthmatic human airway tissue, and in airway tissue from severe allergic disease.
Materials and Methods

Experimental model
The protocols we employed for sensitisation and inhalational challenge have previously been described [12, 13] . Briefly, female BALB/c mice aged 7-8 weeks received intraperitoneal injections of 50 µg of alum-precipitated chicken egg ovalbumin (OVA) (Sigma Australia) 21 and 7 days before inhalational challenge. Mice were exposed to aerosolised OVA in a whole body inhalation exposure chamber (Unifab Corporation, Kalamazoo, MI). Chronic low-level challenge involved exposure to ≈3 mg/m3 OVA for 30 min/day on 3 days/week for 4 weeks. Thereafter, a single-moderate level challenge (≈30 mg/m 3 ) was used to induce an acute exacerbation. Particle concentration within the chamber was continuously monitored. All procedures complied with the requirements of the university's Animal Care and Ethics Committee (reference number: 08/09B).
Immunostaining for IL-33
Immunoperoxidase staining of sections of mouse trachea was performed as previously described [14] . Expression of IL-33 was detected using an affinity-purified goat antibody to mouse IL-33 (R&D Systems, Minneapolis, MN) or an affinity-purified rabbit antibody to human IL-33, predicted to cross-react with both mouse and rat IL-33 (Abcam, Cambridge, UK). The latter antibody was also used for immunoperoxidase staining of human airway tissues from archival samples (South Eastern Sydney and Illawarra Area Health Service reference number: HREC 09/171). Double-label immunofluorescence staining was performed as previously described [14] , using goat anti-mouse IL-33 and a detection antibody conjugated to Alexa Fluor 555 (Invitrogen) plus F(ab)2 goat anti-mouse immunoglobulins conjugated to fluorescein isothiocyanate (FITC) (Jackson Immunoresearch, West Grove, PA, USA).
Results and Discussion
Immunoperoxidase staining of sections of mouse trachea from the model of an acute exacerbation of chronic asthma (n=8 animals per group) demonstrated markedly stronger immunoreactivity for IL-33 in the cytoplasm of AEC ( Figure 1A and 1B) . Using semi-quantitative scoring of the intensity of immunoreactivity, we have previously shown that this represents a statistically significant increase in expression of the protein [4] . In parallel, there was also cytoplasmic immunostaining of inflammatory cells within the lamina propria of the airway wall ( Figure 1B ).
Because there was no evidence of nuclear immunoreactivity in mouse tissues using the goat antibody, we also performed immunohistochemistry using a cross-reactive rabbit antibody to human IL-33. This yielded a pattern of immunostaining in mice which was indistinguishable from that obtained with the goat antibody ( Figure 1C ). The inflammatory cells in the lamina propria were characterised as plasma cells based on their expression of cytoplasmic IgG. This was demonstrated using double-label immunofluorescence staining for IgG and IL-33 (Figure 2A-D) . No staining for IL-33 was observed in the absence of the primary antibody, confirming that staining of plasma cells was not due to non-specific binding of detection antibodies to mouse immunoglobulins.
In control human airway tissue, there was minimal evidence of staining of epithelial cells ( Figure 3A) . In contrast, in human asthmatic airways (n=5) there was strong nuclear immunoreactivity of epithelial cells, with little if any evidence of cytoplasmic staining ( Figure 3B ).
Because plasma cells are infrequent in the airway wall in human asthma, we further investigated the pattern of immunostaining for IL-33 in specimens of allergic bronchopulmonary aspergillosis (ABPA) (n=4). In this setting of severe allergic inflammation, not only was there strong nuclear immunoreactivity of human AEC, but in addition cytoplasmic staining of these cells was apparent. Moreover, strong cytoplasmic staining of inflammatory cells in the lamina propria, with the distinctive morphology of plasma cells, was clearly evident ( Figure 3C ).
Collectively, these observations suggest that for IL-33, both the target species and the severity of the allergic inflammatory response influence the pattern of immunoreactivity observed in airway epithelial cells. Thus while there is no doubt that in humans, immunostaining for IL-33 in AEC is primarily observed in nuclei, it seems inappropriate to dismiss cytoplasmic immunoreactivity for this cytokine as simply an artefact. It is now clear that IL-33 may be actively transported into the cytoplasm in response to stress [15] . Our observation of cytoplasmic immunoreactivity in both mouse and human cells in the setting of severe allergic inflammation is consistent with these data. Moreover, our findings are supported by recent evidence of enhanced cytoplasmic immunoreactivity for IL-33 in the airway epithelium in smokers [16] as well as by similar findings in skin keratinocytes in another allergic disease, namely contact dermatitis [17] .
The demonstration that plasma cells express high levels of IL-33 is novel. Plasma cells are usually not considered to be a significant source of inflammatory cytokines. However, our finding that plasma cells in pulmonary allergic disease exhibit cytoplasmic staining for IL-33 is consistent not only with observations in human inflammatory bowel disease [10] but also with other published evidence that these cells may be a major source of cytokines [18, 19] , including our previous report of eotaxin-1 expression by plasma cells [14] . IL-33 from plasma cells may have a role in driving allergic inflammation.
